We constructed a Yst-negative mutant of Yersinia enterocolitica W1024 by reverse genetics, and we compared the virulence of the yst+ and yst isogenic strains in an experimental oral infection of the young rabbit. The rabbits infected with theyst+ strain suffered from diarrhea and lost weight, and most of them died. By contrast, the occurrence of diarrhea, weight loss, and death in the group of rabbits infected with the yst mutant was as low as that in the group of uninfected rabbits. Bacteria from both strains were excreted in the feces and induced a serum antibody response against Yop proteins. The yst mutant disappeared more rapidly from the feces. We conclude that the enterotoxin Yst is a major factor involved in the Y. enterocolitica-associated diarrhea in the young rabbit. Given the similarity with the symptoms observed for children, this result suggests that Yst could also be an important factor in diarrhea in young children infected with Y. enterocolitica.
Yersinia enterocolitica is an enterobacterium frequently involved in human self-limiting enterocolitis. At least in Europe, it is a common pork contaminant (61) , and the disease often results from consumption of raw or undercooked pork in the 2 weeks preceding illness (58) . The predominant clinical features in children under 5 years of age are diarrhea, fever, and, less frequently, abdominal pain. A mesenteric adenitis characterized by fever, abdominal pain, and leukocytosis is common in older children and adolescents (21, 27, 59, 60 ; for a review, see reference 7) .
Bacterial resistance to the nonspecific immune response is governed by a 70-kb plasmid called pYV, which is also present in Y pseudotuberculosis and Y pestis, two related pathogens having a strong tropism for lymphoid tissue (2, 42, 64) . The pYV plasmid and the antihost Yop proteins that it encodes are thus presumably responsible for the mesenteric adenitis often observed with Y enterocolitica (for a review, see reference 8) .
At variance with Y. pseudotuberculosis and Y pestis, Y enterocolitica secretes a chromosome-encoded heat-stable enterotoxin called Yst (37) . This enterotoxin, detectable in broth culture supernatants by the infant mouse test, consists of a 30-amino-acid peptide (56) . Its physicochemical and antigenic properties as well as its mode of action are similar to those of the heat-stable toxin STI of Escherichia coli (3, 13, 32, 37) . Both toxins activate the particulate form of intestinal guanylate cyclase and induce a fluid accumulation by increasing the concentration of cyclic GMP in intestinal epithelial cells (43, 47) . The Y enterocolitica Yst enterotoxin also increases intracellular cyclic GMP levels in cultured cells lines (17, 31, 45) .
According to the nucleic acid sequence, Yst is synthesized as a 71-amino-acid polypeptide (11) . The C-terminal 30 amino acids correspond to the toxin extracted from culture supematants (11, 56) . The N-terminal 18 residues have properties of a signal sequence. The central 22 residues are presumably removed after the secretion process. This orga-* Corresponding author. Electronic mail address: Cornelis@ mipa.ucl.ac.be.
nization in three domains (pre-, pro-, and mature toxin) resembles that of the enterotoxin STI (14, 33, 44) , but although the precursors have the same size, the mature Yst toxin is much larger than STI. The degree of conservation between the two toxins is greater in the mature proteins than in the other domains. In particular, the active site, formed of 13 amino acids including six cysteines, is highly conserved in Yst and STI as well as in all related heat-stable toxins (57, 63) . Interestingly, only the Y enterocolitica strains that belong to the pathogenic serotypes possess the yst gene (11) and most, if not all, fresh human isolates express Yst (39) . By contrast, many collection strains no longer produce enterotoxin- (3, 4, 39) , but these strains, nevertheless, carry an intact but silent yst gene (9, lOa) .
The similarity between Yst and STI suggests that Yst could be responsible for the diarrhea induced by Y enterocolitica. However, the following observations argue against a role for this enterotoxin in the pathogenesis of diarrhea: (i) attempts to demonstrate enterotoxin in the watery intestinal contents of diarrheic animals infected by Y enterocolitica have been unsuccessful (38, 46, 48) ; (ii) Yst can only be detected in supernatants of late-log-phase cultures of Y enterocolitica incubated at temperatures lower than 30°C (3, 45) . The role of Yst thus remains a matter of debate.
The mouse is often used to study the pathogenesis of yersiniae. After oral inoculation, Y enterocolitica invades the Peyer's patches, the mesenteric lymph nodes, and, depending on the experimental conditions, the spleen and the liver (4). However, although diarrhea has been described for Swiss albino mice infected with Y enterocolitica (22, 49, 50) , it is not a major symptom in the mouse model. By contrast, the infection of the young rabbit resembles that of the child: the oral inoculation induces both a clear diarrhea and a systemic invasion (16, 24, 34, 35, 38) .
In this paper, we report the engineering of an enterotoxinnegative Y enterocolitica mutant by reverse genetics, and we present a comparative study of this yst mutant and the wild-type strain in an experimental infection of young rabbits. (35 ,ug/ml) , ampicillin (150 ,ug/ml), streptomycin (50 ,ug/ml), and sucrose (5%).
For enterotoxin production, bacteria were grown for 48 h at 28°C with vigorous shaking in 10 ml of TSB contained in a 100-ml conical flask. The culture was centrifuged for 10 min at 8,000 x g, and the supernatant was assayed, either directly or after storage at -20°C, in newborn mice.
To monitor the production of the Yop proteins (Yops), bacteria were grown in BHI-Ox, which consists of brain heart infusion broth (Difco) supplemented with 20 mM sodium oxalate, 20 mM MgCl2, and 4% (wt/vol) glucose.
Engineering of the Yst-negative mutant ID1024. As a first step (Fig. 1A) In a second step (Fig. 1B) , we transferred the mutated yst gene on the suicide vector pKNG101, which contains the sacB gene encoding levansucrase and conferring sensitivity to sucrose (18) . The NotI fragment from pID32 containing the yst'-lux4B-yst" construct was introduced in the unique NotI site of pKNG101 to give pID101. Finally, the chromosomal yst gene of strain W1024 was replaced by the disrupted yst'-luxAB-yst" gene (Fig. 1C) . Plasmid pID101 was mobilized in Y enterocolitica W1024. Its integration in the Y enterocolitica chromosome, resulting from a single homologous recombination, was obtained by selecting for the streptomycin resistance marker of the plasmid. The integration was checked by Southern hybridization with yst and luxAB probes (Fig. 2) , and the relevant clone was then cultured without selection pressure to allow the second recombination to occur. The second recombinational event was selected by plating on TSA supplemented with 5% sucrose and deprived of streptomycin. Surviving colonies were tested by replica plating on streptomycin. Genetic exchange, evidenced by streptomycin sensitivity and luciferase production, occurred in 16% of the colonies surviving on sucrose. DNA from a few of these colonies was analyzed by Southern hybridization (Fig. 2) .
Characterization of the Y. enterocolitica strains. The Ca2+ dependency for growth at 37°C and the capacity to produce Yops and YadA were checked as described by Comelis et al. (9) . Briefly, 10-ml cultures in BHI-Ox were incubated for 2 h at room temperature and then for 4 h at 37°C. The supernatant of the cultures was then concentrated by (NH4)2SO4 precipitation and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The enterotoxin was assayed in suckling mice as described by Dean et al. (10) . Groups of three 2-to 5-day-old suckling mice were injected intragastrically through the abdomen with 0. (28) . Southern hybridization analysis was done according to standard methods (25, 55) . The yst probe was a 220-nucleotide BamHIHindIII fragment from pID10, and the luxAB probe was a 2-kb PvuII-SalI fragment from pHV100. Probes were purified and labeled as described previously (12 (19) . The values in counts per minute milliliter-' were converted to CFU also as described previously (19) .
The bacteria were also counted by plating appropriate dilutions (based on the luminometric assay when possible) INFECT Fig. 1 . Briefly, the wild-typeyst gene from Y enterocolitica W1024, previously cloned on a pTZ19 derivative (11), was inactivated by insertion of a luxAB cassette. The mutated yst allele was then subcloned in plasmid pKNG101, a suicide vector containing the sacB gene, in order to facilitate the selection of the allelic exchange (18) and finally reintroduced into Y enterocolitica W1024. The two successive homologous recombinations leading to the allele replacement of yst byyst'-luxAB-yst" were monitored by Southern hybridization analysis with luxAB and a fragment of yst as probes (Fig. 2) . The engineered yst mutant, called ID1024, expressed luxAB from the yst promoter.
As a Yst producer strain, we used KNG1024, another derivative of strain W1024 in which the blaA gene, encoding ,-lactamase A, has been replaced by the lux4B marker expressed from the Pwc promoter (18) . Because of the difference in the strength of the promoters serving luxAB, strains KNG1024 and ID1024 could easily be distinguished by luminometry. The strong luciferase activity of KNG1024 allows the quantification of the bacteria in feces samples (19) . It is not the case for ID1024.
Prior to use, we analyzed KNG1024 and ID1024 for the presence of the classical Y enterocolitica virulence markers:
Ca2' requirement for growth at 37°C, secretion of Yop proteins, and production of enterotoxin. The responses given by these two strains were identical, except in the infant mouse test, which was positive (ratio of 0.105) for KNG1024 and negative (ratio of 0.062) for ID1024.
Experimental infection of rabbits. A group of 18 rabbits (group C) were inoculated intragastrically with 1.6 x 1010 CFU of KNG1024 (Yst producer strain). A group of 19 rabbits (group B) were inoculated with 1.5 x 1010 CFU of ID1024 (Yst-negative strain). A control group of eight rabbits (group A) received 10 ml of sterile PBS solution. The duration of the experiment was 25 days. The details of the daily course of clinical symptoms in the rabbits are presented in Table 2 .
In group C, enteritis was the major clinical symptom: by 21 days after inoculation, all the rabbits of this group had suffered from diarrhea. The gastroenteritis generally lasted for 7 days, was associated with Y enterocolitica excretion (14 of 18 rabbits), and often ended with the death of the rabbit (10 of 14 rabbits). By contrast, only 4 of 19 rabbits in group B developed diarrhea; two of these died with diarrhea, but the diarrheic stools did not contain detectable Y enterocolitica (Table 2 ). Only one 1 of 8 rabbits in group A suffered from diarrhea (Table 2) . A graphic of cumulative occurrence of diarrhea during the experiment is presented in Fig. 3A .
To monitor the bacterial colonization of the intestine, we analyzed the feces of every rabbit approximately every other day, by luminometry (group C) and viable counts (groups B and C). Most rabbits from group C began to excrete KNG1024 bacteria 48 h after inoculation (Table 2) ; the number of bacteria in the excretion reached a maximum around day 6 or 7, and the presence of bacteria persisted until the day of death or sacrifice. Four of the 18 rabbits never excreted Y enterocolitica. The number of ID1024 bacteria excreted by group B was quantitatively less important and decreased more rapidly ( Table 2) . Seven of the 19 rabbits never excreted Y enterocolitica or excreted only very few bacteria. However, there was a high variability in bacterial excretion for both groups B and C. We never isolated Y enterocolitica from feces samples from group A ( Table 2) .
The majority of rabbits from group C lost weight during the infection. For 11 rabbits, the weight loss was associated with diarrhea. For six rabbits, the weight loss preceded diarrhea, and among these rabbits, three never excreted Y enterocolitica. The last rabbit of this group suffered from diarrhea without weight loss. Globally, the animals in group B gained weight during the infection. Only four rabbits lost weight during a few days, but these rabbits never suffered from diarrhea and only two of them excreted Y enterocolitica. All rabbits in group A gained weight, except the one that suffered from diarrhea. A graphic of cumulative weight loss during the experiment is presented in Fig. 3B .
Fourteen rabbits in group C died, while only two rabbits in group B died and none of the rabbits in control group A died. There was a high variability in the day of death. Figure 3C presents a comparative graphic of the cumulative mortality in the three groups. The animals that died after day 8 were dissected, and the spleens were removed and cultured. Six spleen cultures from group C were positive. The CFU ranged from 5.5 x 102 to 6 x 10 per spleen. For group B, the spleen culture of the only rabbit that died (day 14) was negative. All the spleens from rabbits that were sacrificed on day 25 were sterile in both groups.
The presence of anti-Yop antibodies was monitored by Western blotting with sera sampled 5 days before bacterial inoculation and 16 and 25 days after infection ( Table 2) . None of the preinfection sera contained anti-Yop antibodies. For group C, all the sera from the surviving animals (eight serum samples at day 16 KNG1024 and ID1024 Were recovered regularly from the feces and, after the death of the animal, from the spleen. The colonies growing on nalidixic acid plates were identified on the basis of their luciferase production. The colonies of KNG1024, expressing luxAB from the PIac promoter, emitted enough light to be seen in a dark room. The colonies of strain ID1024 could only be identified by autoradiography. At the end of the experiment, several clones in samples collected from rabbits at different stages of infection were analyzed. All the clones analyzed required Ca2" for growth at 37°C and synthesized Yop proteins. The Southern hybridization profile of chromosomal DNA probed with yst as well as the responses in the infant mouse test correlated with the strains used for inoculation. Since the two strains could be distinguished on the basis of their specific luminometric activity, we also checked the identity of the strains by monitoring the luciferase activity with a luminometer. This activity was in perfect agreement with the identity of the strain used to inoculate the rabbit (data not shown). Hence, the strains isolated from the rabbits corresponded to the strains used for inoculation, and no cross contamination occurred during the experiment.
DISCUSSION
In this comparative experiment using a pair ofyst+ andyst isogenic Y enterocolitica strains, we confirmed that diarrhea is the major clinical symptom presented by the young rabbit infected with yst+ Y enterocolitica. The general clinical evolution of our young rabbits orally infected with the wild-type strain was similar to that reported in previous studies (16, 34, 38) : all the rabbits suffered, at some stage, from diarrhea, and diarrhea in 14 of 18 rabbits was associated with Y enterocolitica excretion and weight loss. The susceptibility of rabbits to Y enterocolitica appeared, however, to be more variable in this study than in others describing experimental yersiniosis. We observed an important individual variation for the onset of diarrhea and for bacterial excretion. This could be the consequence of our use of rabbits slightly older than those used in previous studies. Y enterocolitica is indeed known to induce diarrhea, particularly in very young animals (38, 46 (3, 37, 45) . Moreover, Yst has, so far, not been detected in the intestinal contents of infected animals (38, 46, 62) . Our results, however, clearly demonstrate that Yst must be produced in vivo. This suggests that the conditions required for the expression of yst are not reproduced in vitro. This contradiction between in vivo and in vitro production is not unprecedented: the production of cholera toxin (CT) in vitro is much higher at a low temperature (30°C) than at 37°C (40) . The expression of the ctxAB operon in vivo is, however, not questioned. The lack of detection of Yst in vivo could simply result from the poor sensitivity of the suckling mouse assay.
Finally, the adherence of enterotoxigenic E. coli strains to cells (15) . It was also showil to increase the adhesion of Y t, the incidences of diarrhea, weight loss, and enterocolitica to the rabbit small intestinal tissue and to re significantly lower in the group of rabbits rabbit ileal brush border membrane vesicles (36) . However, th the yst mutant. The incidences were of the some observations are puzzling for an intestine colonization as those observed in the uninfected control factor. First, YadA adhesion is inhibited by mucus (26, 36) . ver, the rare diarrheic episodes and the two Second, YadA plays a role in the bacterial resistance against curred in the former group were not associated the bactericidal activity of human serum (1) . Third 
